We report a high-throughput clog-free microfluidic deoxyribonucleic acid (DNA) fragmentation chip that is based on hydrodynamic shearing. Salmon sperm DNA has been reproducibly fragmented down to ∼5k bp fragment lengths by applying low hydraulic pressures ( 1 bar) across micromachined constrictions positioned in larger microfluidic channels that create point-sink flow with large velocity gradients near the constriction entrance. Long constrictions (100 μm) produce shorter fragment lengths compared to shorter constrictions (10 μm), while increasing the hydrodynamic pressure requirement. Sample recirculation (10×) in short constrictions reduces the mean fragment length and fragment length variation, and improves yield compared to single-pass experiments without increasing the hydrodynamic pressure.
Introduction
The random fragmentation of DNA is a critical step for shotgun DNA microarray analysis, which is a powerful tool for gene expression studies. For gene analysis, the range of fragment lengths is typically chosen near to the average length of a single gene within the organism of interest, or chosen based on the method used to automatically generate sequence data for the entire library [1] . In molecular diagnostics, sections of genes are screened within a sample using various detection methods, where the target gene hybridizes to a complementary probe molecule, and therefore, DNA fragmentation is an important sample pretreatment step for diagnostic applications where short fragments are required for fast hybridization and high sensitivity target detection. With the demand for smaller, faster, and low-cost point-of-care testing systems, miniaturized lab-on-a-chip (LOC) platforms are attractive due to their ability to process small sample volumes, such as a single droplet of whole blood, urine or saliva, and low-cost manufacturing methods. However, many of the conventional sample processing steps, such as DNA fragmentation, are not currently implemented and optimized into LOC microfluidic platforms. In this paper, we present the development and realization of a LOC microfluidic DNA fragmentation system that is suitable for the integration into a larger system with multiple sample processing steps or as a stand-alone sample processing system. Four methods are commonly used for the fragmentation of genomic DNA including enzymatic digestion, sonication, nebulization and hydrodynamic shearing [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although all of these methods are currently used for DNA fragment generation, each has advantages and disadvantages. Restriction enzyme fragmentation is advantageous in that fragmentation can be done in specific locations, however, it suffers from sample contamination, denaturation, fragment bias, relatively broad fragment length distribution and induces a relatively large number of single-chain breaks as opposed to doublechain scissions [3] . Sonication uses sound waves to generate a shear force that breaks fragments of long DNA strands, which is fast and simple, however is not size specific, can induce damage in the DNA sample, has broad fragment size distribution and is difficult to integrate into a LOC platform [5] . The nebulization (atomization) fragmentation method uses a pressurized nozzle to generate a mechanical shear force to fragment DNA samples, which is fast and efficient, however, is expensive, requires large volumes of concentrated DNA and is difficult to integrate into a LOC platform [10] . Fragmentation based on hydrodynamic shearing is reported to be one of the most robust techniques for the generation of small fragment length and low sheared length variation [11] [12] [13] , and the fragments result from double-chain scission [14] . Hydrodynamic shearing is size specific, has narrow fragment size range, low DNA damage and can be easily integrated into a LOC platform, however, commercial systems [15] require high pressures, have large dead volumes, are prone to clogging [1] and are not suitable for miniaturization and integration with other sample processing steps.
The implementation of DNA fragmentation in an integrated LOC-based diagnostics system has special requirements compared to conventional DNA fragmentation systems, which includes short fragmentation time (a few minutes), small DNA sample volumes (<100 μl) and low pressure (below 1 bar). The low-pressure requirement is mainly due to poor sealing properties between plastic LOC chip layers. For a LOC fragmentation system, the integration of functional compartments is a mandatory step. Among these methods, microfluidic-based hydrodynamic shearing can be easily automated and mounted with other preparation or analysis stages. The implementation of a DNA fragmentation in an LOC platform has several advantages, which includes small sample requirements (down to a few μl), low dead volume and limited contamination. Additionally, a microfluidic hydrodynamic shearing LOC system can be scaled to any scale based on the flow speed (pressure) and microchannel geometrical requirements.
Microfluidic hydrodynamic shearing fragmentation
The hydrodynamic shearing method is widely used for the fragmentation of genomic DNA [9, 11] and is ideally suited for LOC platforms since the length of the fragmented DNA is mainly determined by the flow speed of the sample and the geometry and size of the microchannels [11] , which can be easily manufactured using microfabrication techniques. Figure 1 (a) depicts the concept of hydrodynamic shearingbased DNA fragmentation in a microfluidic channel. Long DNA molecules are introduced into the left side of the channel (inlet pressure P 1 ) and transported through the constriction with a hydraulic pressure difference ( P = P 1 − P 2 ). figure 1(c) ). Although the fragmentation kinetics are not fully understood [9, [16] [17] [18] [19] , the fragmentation process is caused by hydrodynamic drag forces exerted on the DNA molecules due to an acceleration of the DNA solution near the constriction entrance, which creates extensional strain forces on the molecule and stretches the DNA until the molecular bonds break and the DNA breaks into fragments. The fragmentation process continues until the fragments are too short for the drag forces to break the molecular bonds. The final fragment length is ultimately determined by the flow rate of the fluid and the size and geometry of the constriction. The fluid acceleration occurs near the entrance of the constriction where a velocity gradient dv 1 /dr , where r is the radial distance from the point-sink constriction, results in an elongation flow field where the DNA molecules tend to elongate in their central region in the point-sink flow with the two end portions in a curled state, or the 'yo-yo' model reported by Ryskin [16] .
Experimental details

Chip design and microfabrication
The microfluidic LOC chip consists of inlet and outlet ports that connect microfluidic channels with precisely defined constrictions located at the center of the microchannel. The fragmentation devices were fabricated entirely from glass (Borofloat) substrates. A single lithography step was used to define the planar channel and constriction structures, which were subsequently etched in the glass substrate using reactive ion etching (AMS100DE, Adixen). A second glass capping substrate was then patterned and the inlet and outlet through-wafer holes were created using powder-blasting (9 μm diameter alumina particles). The two glass wafers were then thermally bonded and subsequently diced into chips with overall dimensions of 1 × 3 cm 2 . Figure 2 shows the fabrication steps and images of the fabrication chips. The reduction from large to small channel sections for all devices was w/w con = 10, which is similar to a previously reported sink flow fragmentation system [9] that resulted in a pointsink flow that provided sufficient extension and fragmentation of genomic DNA into small fragment lengths. The angled constriction design (figure 1(c)) reduces bubble entry into the fragmentation stream [13] .
Sample preparation and fragmentation
All experiments were conducted with salmon sperm DNA (D1626, deoxyribonucleic acid sodium salt from salmon testes, Sigma-Aldrich). The solid sample was dissolved in deionized water (>18 M cm) in a plastic tube at a concentration of 1 mg ml −1 , and stored at −20 • C. When used, the DNA solution was thawed and diluted to a concentration of 40 ng μl −1 . The fragmentation chip was clamped into a custom-made chip-holder and connected to a gas-tight syringe (1725N, 250 μl, Hamilton) driven by a syringe pump (PHD2000, Harvard) [20] . The DNA was fragmented by pumping the sample into the microfluidic device at a predetermined flow rate that was estimated by the length and cross-sectional area of the microfluidic channel. Sheared DNA samples were then collected into a transparent cuvette. A 10 μl aliquot was removed after shearing at each flow rate. After each fragmentation run, the microfluidic chip was washed extensively with deionized water. Between the shearing of different DNA samples, the device was rinsed with 0.1 M HCl and 0.1 M NaOH, and copious amounts of deionized water.
DNA fragment length measurement
DNA concentration measurements were done using A260 with a spectrophotometer (NanoDrop 2000, Thermo Scientific). The pedestal was cleaned with deionized water before all measurements. The blank (reference) measurement was taken with a 2 μl volume of deionized water. The 2 μl volume DNA sample was pipetted directly onto the pedestal and the DNA concentration was measured. When the measurement was complete, the surface was wiped with a lint-free lab wipe before measuring the next sample.
DNA fragment length was measured using a microfluidicsbased automated gel electrophoresis system (Experion, BioRad Laboratories, Inc.). A preformatted analysis kit was used to quantify the fragment lengths (DNA 12K Analysis kit, BioRad Laboratories, Inc.). The 12K assay sizing resolution range for DNA fragments is between 50 and 17k bp, which is sufficient for the target fragment length (<10k bp) in this paper. The 12K has a fragment sizing accuracy of <±15% and a limit detection of 0.1 ng μl −1 , which is ∼100× lower than sample concentrations analyzed in this work. The 12K analysis kit includes an intercalating stain, loading buffer, and gel (polymer-sieving matrix) and ladder. Prior to loading the fragmented sample into the 12K analysis kit, the chip is primed with a gel-stain solution. The loading buffer is then loaded into each sample well. The DNA 12K ladder and samples are then added to individual wells and mixed with a buffer solution in the well. The 12K analysis kit chip is then placed onto the electrophoresis station chip platform, and electrophoresis is run by applying a voltage to the sample wells through the electrode of the instrument. The DNA fragments move at different rates in the separation channel depending on their length. The intercalating dye is used to image the migrating fragments excited with a laser-diode and the dye fluorescence is detected by an integrated photodiode. The system software plots the fluorescence intensity versus time to produce an electropherogram ( figure 3(b) ). The electropherogram data are plotted in a gel format to give the appearance of a slab gel ( figure 3(a) ). The 12K analysis kit DNA ladder generates 13 peaks in the electropherogram and the software identifies the first peak as the lower alignment marker and the last peak as the upper alignment marker, which correspond to the 50 bp lower marker and the 17k bp upper marker, respectively. The size of the DNA from the sample wells is calculated based on their migration time relative to the standard curve that is constructed from the size versus migration time of the ladder. The software reports peak information: fragment length, intensity, concentration, molarity and corrected area. The DNA fragment length presented in the paper is obtained directly from the software if the fragment is resolved and migrates as a single peak. If there is more than one peak, the average fragment length was calculated by dividing the sum of the raw intensity values by the sum of the relative population values. The relative population of each fragment length was calculated by dividing the raw intensity values with their corresponding base pair number. Each data point presented in this paper was obtained from more than three experiments.
Results and discussion
We have investigated the behavior of the microfluidic pointsink system for on-chip DNA fragmentation. First, the effects of flow rates on the average DNA fragment lengths has been studied by varying the applied fluid flow rates in a single constriction with a fixed constriction length L ( figure 1(c) ). We then investigated the effect of fragment length on the average fragment length using a fragmentation structure with multiple constrictions connected in series. Finally, we demonstrate how sample recirculation with multiple passes through the fragmentation system can improve the fragmentation performance without changing any of the fragmentation parameters. Clogging of the microfluidic fragmentation structures has been eliminated by introducing filter structures at the microfluidic channel inlet.
Sample flow rate
Chain scission of a genomic DNA molecule requires breaking the covalent bonds of the phosphodiester backbone. Theoretical calculation of chain scission in viscous flows suggests that great shear stress increases the probability that covalent bonds will break [2] . When DNA is sheared, the resulting mean fragment length is a function of the shear rate and the time of the shearing [2, 6] . In our microfluidic device, the shear stress exerted on the DNA molecules is caused by a velocity gradient dv 1 /dr near the transition between the main channel and the constriction channel due to the point-sink structure where the microchannel width is reduced 10×. The effect of fluid flow rates has been studied by varying the applied fluid flow rates in the same microfluidic device. Laminar flow is assumed in all experiments since the Reynolds number in our system is Re < 1000 and assuming that DNA concentrations are low enough such that they do not affect the fluid viscosity. The pressure drop along a microchannel has been calculated using the Hagen-Poiseuille law P = R hyd Q, where P denotes pressure drop along a microchannel, R hyd is the hydrodynamic flow resistance, which is R hyd ≈ 12ηL((1 − 0.63(h/w))wh 3 ) −1 for a rectangular channel cross-section [21] and Q is volume flow rate.
Figures 3(a) and (b) show representative electrophoresis images and electropherograms of a DNA sample sheared at different flow rates, which indicates a clear shift toward smaller fragment sizes as flow rate (pressure) is increased. In figure 3(c) , we summarize experimental results of DNA fragment sizes varying with applied flow rate and pressure using a chip with a constriction of w con = 10 μm, h = 7.2 μm and L = 500 μm long at room temperature. Here, we show fragment length dependence on sample flow rate, which has been reported to be directly related to the flow velocity gradient dv 1 /dr = Q/2πr 3 and strain rate applied to the DNA by the sample flow. The average fragment length was calculated by dividing the sum of the raw intensity values by the sum of the relative population values. The relative population of each fragment length was calculated by dividing the raw intensity values with their corresponding base pair number [22] . From figure 3(c) , the fragmented DNA length decreases as the pressure is increased. The DNA sample can be fragmented in the range spanning 10 to 6k bp for a P range of 1-10 bar using the single constriction device. The minimum average FL ≈ 6k bp was obtained at the maximum flow rate of 18 μl min −1 , corresponding to P ≈ 9 bar across the fragmentation channel.
Sample concentration and length
The effect of starting sample DNA concentration on the fragmentation behavior has been investigated by varying the applied flow rate using a chip with a constriction width of w con = 10 μm, height h = 7.2 μm and length L = 500 μm at room temperature. Figure 4 shows that the fragmentation behavior is not strongly dependent on the starting DNA concentration from 12.5 ng μl −1 and spanning a 4× range up to 50 ng μl −1 . We expect that an excessive sample concentration could alter the fragmentation behavior when the viscosity of the carrier stream is affected and will certainly lead to constriction clogging and failure of the experiment. Additionally, we have tested DNA samples of Micrococcus luteus, which has a starting length ∼2.6×10 6 bp, and achieved similar fragmentation results for both single-pass and 10× recirculation pass experiments.
Effect of constriction channel length
Theoretical calculations assuming DNA behaves as a rod suggested that rupturing of molecules by viscous shear strain should occur at the midsection of the chain [2, 23] . In reality, the long strands are more like random coils rather than ridged rods. Therefore, the strand-like molecule distorts when subjected to the flow velocity gradient where the length or extension of the molecule is limited by the molecular diffusion time and residence time. When the residence time of the DNA fragments in the flow velocity gradient created by a sudden contraction is sufficiently long, it allows extension of the DNA molecules into a highly extended conformation. When the molecule assumes a completely extended configuration the applied forces are greatest and most likely to break covalent bonds. The probability that a molecule obtains the unique extended configuration to cause fragmentation is also related to the number of times the molecule tumbles as it passes through a elongation flow field [2] . We have designed and tested the chips with N = 10 serial constriction channels with different channel lengths: type 1: w con = 10 μm, h = 10 μm and L = 10 μm, and type 2: w con = 10 μm, h = 10 μm and L = 100 μm, as shown in figure 5 . The main channel width is w = 100 μm for all experiments presented in this paper. The design with a series of constrictions has been expected to introduce unsteady flow to increase the number of times the DNA molecule tumbles, and thus reduce the fragmented DNA size distribution [13, 22] . The depth and width of the channels are in the range of micrometers, which are vast compared with the diameter of the stretched DNA molecule (∼2 nm), so the effect of the channel depth and width on the shear stress of the DNA molecules is expected to be minimal. The length of the constriction channel will determine the residence time of DNA molecules in the high shear field.
Figures 6(a) and (b) show the measured average fragment length as a function of flow rate and pressure drop, respectively. The only difference between chip type 1 and 2 is the lengths of the constriction channels, which are 10 μm and 100 μm, respectively. Figure 6 (a) shows that long constrictions (type 2) can break the genomic DNA to smaller fragments at the same flow rate, compared to the short constrictions (type 1). The effect of constriction channel length may be explained by the extension of the DNA molecules into a highly extended conformation in the high shear field. Moreover, a convergence of flow in the longer channel would reduce the effective diameter of the constriction [11] . However, when we look at the pressure drop along the constrictions ( figure 6(b) ), the pressure requirement to fragment the genomic DNA to the same length is higher in the long constrictions (type 2) than in the short constrictions (type 1). For instance, to shear the genomic DNA to a fragment length of FL = 8k bp, the pressure requirements in the type 1 and type 2 are P = 1 bar and P = 6 bar, respectively. Therefore, the pressure requirement for fragmenting the genomic DNA to a certain length can be lowered by reducing the constriction length.
Sample recirculation
The length of the fragments is related to the time the DNA molecules are exposed to the elongation field and the number of times the molecule tumbles as it passes through the field.
At the same flow speed, the time a DNA molecule is exposed to the elongation field can be extended either by increasing the constriction length (section 4.3) or recirculation of the sample in shorter constriction multiple times. Using a long constriction is simplest; however, the pressure requirement, which is inversely proportional to the constriction length, increases accordingly. An important factor for the implementation into an LOC platform is that the packaging of the fluidic interfaces can tolerate the required pressures, which can be problematic for all-plastic chips and an upper-pressure limit of P = 1 bar is common. Therefore, the recirculation of DNA samples in short constriction channels can be performed in the same device at the same flow rate, which extends the time the DNA molecules are in the elongation field. It is therefore expected to be a preferential option to shear DNA into small fragments without increasing the performance pressure requirement. Figure 7 (a) shows the fragment lengths and size distribution of the DNA fragments as a function of number of recirculation cycles, which clearly shows the shift of the fragment length from large to small, and the change of the fragment size distribution from broad to narrow. Figure 7(b) indicates that the average DNA fragment length decreases with the number of recirculation cycles and the amount of fragmented DNA appearing within the peak area increases with number of cycles. After ten recirculation cycles, the genomic DNA has been fragmented from >50k bp to 5k bp and the yield increased ∼5× from 12.5% to 62.5% (the total DNA sample concentration was 40 ng μl −1 ). Sample recirculation in short constrictions can therefore reduce fragmentation length and fragment length variation, and improve yield. It is therefore a preferable method to generate relatively low fragments at low pressure.
Conclusion
DNA fragmentation is an important sample pretreatment step for nucleic acid analysis, which is critical for rapid hybridization reaction kinetics and the production of genomic DNA libraries and is often a critical and sometimes ratelimiting step in the DNA sequencing pipeline. DNA fragmentation can be realized by hydrodynamic shearing in a point-sink flow by forcing the DNA sample through a small orifice at high speed, which can be easily realized in an LOC platform using high precision microfabrication techniques. We have designed and fabricated a microfluidicbased hydrodynamic shearing DNA fragmentation system, and performed fragmentation experiments to assess the fragmentation performance. The average DNA fragment length decreases with increasing applied pressure (flow rate) in a single point-sink flow system. The fragmentation of DNA in long constrictions needs to be performed at relatively high pressure. In order to shear DNA into small fragments, we can either use long constriction channels or recirculate the DNA sample through short constrictions multiple times. Recirculation of the DNA sample in small constrictions reduces the fragment length, improves yield and reduces fragment length variation at relatively low pressures compared to conventional fragmentation systems. The microfluidic LOC-based hydrodynamic DNA fragmentation system presented in this paper is suitable for integration with other sample processing steps for on-chip sample pretreatment (e.g. DNA extraction) or post-treatment (e.g. DNA separation and hybridization), which is suitable for LOC diagnostic applications.
